Summary. The effects of exogenous and endogenous secretin with or without intravenous glucose infusion upon islet hormone secretion were studied in four conscious mongrel dogs fitted with a duodenal fistula. Intravenous infusion of secretin for 1 h at doses of 0.5 and 4 U/kg raised plasma secretin concentrations to physiological and pharmacological levels respectively, without affecting plasma insulin and pancreatic polypeptide concentrations. In contrast, bolus injections of secretin at high concentrations produced significant increases of plasma insulin at 0.5 U/kg and 4 U/kg and of pancreatic polypeptide at 4 U/kg. Plasma glucagon did not change during intravenous infusion of low dose secretin (0.5 U-kg -1-h -1), but decreased during infusion of 4 U. kg-1. h -1 or bolus injection of secretin (0.5 U/kg). Intravenous infusion of glucose together with secretin (0.5 U/kg and 4 U/kg) did not affect plasma insulin, glucagon, or pancreatic polypeptide levels significantly compared with the changes caused by glucose infusion alone. Intraduodenal instillation of HC1, which produced plasma secretin concentrations similar to those evoked by intravenous infusion of secretin (4 U. kg -~ -h-l), led to a rise in plasma pancreatic polypeptide. It is concluded that the stimulatory effects of secretin on insulin and pancreatic polypeptide and the inhibitory effect on glucagon are pharmacological, and that increase of plasma pancreatic polypeptide after intraduodenal infusion of HC1 is not mediated by endogenous secretin.
Pancreatic polypeptide (PP) is a recently characterized 36 amino acid peptide [1, 2] , and its release in response to a variety of stimuli has been established. Ingestion of a balanced meal causes an immediate rise in PP concentrations in peripheral blood lasting 30-60 rain, and this rise is followed by a secondary and more prolonged response lasting several hours [3] [4] [5] [6] [7] [8] [9] . The first 30-min phase of release appears to be mediated by vagal innervation, since it is abolished after truncal vagotomy [4, 7] and atropine [7] . The second phase of PP release persists after vagotomy [5] , albeit somewhat reduced [4] ; therefore, it appears to be mediated through non-vagal mechanisms including gastrointestinal hormones.
The role of gastrointestinal hormones, including secretin, on PP release has been reported by several authors; however, the results have been controversial [5, 6, [10] [11] [12] [13] [14] . On the other hand, while intraduodenal acidification also stimulates PP release in man [8] and dogs [15] , there are no comparable studies which show whether PP release by intraduodenal acidification is mediated by endogenous secretin.
The present study was designed to explore whether physiological and pharmacological doses of exogenous secretin with or without glucose infusion affect insulin, glucagon and PP secretion. In addition, the effect of intraduodenal hydrochloric acid instillation, a stimulus of endogenous secretin [16] , on pancreatic hormone responses was studied.
Materials and methods
Four healthy mongrel dogs (weight 15-31 kg) were studied during the conscious state. In order to infuse HC1 intraduodenally, each dog was fitted with a duodenal fistula by insertion of a Gregory cannula into the proximal half of the first part of the duodenum. Animals were fasted for 18 h prior to study, but had free access to water. The dogs received, in random order on separate days at intervals of not less than 3 weeks, t of the following 10 regimens: (I) a 60-min intravenous infusion of glucose at a rate of 0.5 g. kg -1-h-l; (2) a 60-min intravenous infusion of secretin at a rate of 0.5 U. kg-a. h-a ; (3) regimen (1) + regimen (2); (4) a 60-min intravenous infusion of secretin at a rate of 4 U.kg -a .h-l; (5) regimen (1) +regimen (4); (6) a rapid intravenous bolus of secretin at a rate of 0.5 U/kg; (7) a rapid intravenous bolus of secretin at a rate of 4 U/kg; (8) a 30-rain intravenous infusion of glucose at a rate of I g-kg -a. h -a ; (9) a 30-min intraduodenal infusion of 250 mmol/1 HC1 at a rate of 200 ml/h; (10) regimen (8) + regimen 0), In each dog, two investigations were carried out. Natural secretin (Secrepan), a pure extract of porcine duodenum and jejunum not containing any active glucagon, vasoactive intestinal peptide, cholecysto- Eisai unit was compared directly with the clinical unit (GIH unit) by bioassay in rats, the potency of the latter being about 4times greater than that of the former [17] . Secretin was dissolved in isotonic saline immediately before use. Secretin or glucose was infused into the foreleg vein using a syringe ram pump via an indwelling intravenous catheter. Blood samples were obtained at frequent intervals before, during, and after stimulations using a second catheter placed in the foreleg vein of the opposite side. Samples for radioimmunoassay of secretin, insulin, glucagon and PP were collected in heparinized tubes with the addition of aprotinin (250 KIU/ml blood); they were kept chilled in an ice bath until centrifugation at 4°C, and the plasma were stored frozen at-80 °C until assayed. For the determination of plasma glucose, small samples of blood were collected into heparinized tubes containing a glycolysis inhibffor (sodium iodoacetate).
Plasma secretin [9] , glucagon [18] and PP [9] were measured by radioimmunoassay as described recently. The plasma insulin concentration was determined using polyethylene glycol precipitation and a double antibody method employing a commercially available kit system (Midori-Juji, Osaka, Japan). Plasma glucose levels were measured by the glucose-oxidase method using an automated glucose analyzer (Glucoroder-S, Analytical Instrument, Tokyo, Japan).
Statistical analysis
Basal values represent the mean of three consecutive samples taken before stimulation. Data are presented as the mean + SEM. For statistical analysis, the Student's t-test for small paired and non-paired data was employed, and pvalues ~< 0.05 were considered to be significant.
Results

Intravenous infusions of glucose and secretin at physiological levels.
Infusion of glucose at a dose of 0.5 g/kg for 60 min caused expected rises in plasma glucose (p< 0.05-0.001) and insulin (p<0.001), but decreases in plasma glucagon (p<0.02-0.001) and PP (p< 0.05-0.01). No significant change was observed in the plasma secretin concentration (Figs. 1, 2) .
After infusion of secretion at a dose of 0.5 U/kg, the plasma secretin level rose from a baseline value of 71 + 29 pg/ml to 99 + 18 pg/ml at 50 min (p < 0.01). No significant changes occurred in plasma levels of pancreatic hormones or glucose (Fig. 1) .
Infusion of secretin at a dose of 0.5 U/kg together with glucose infusion was associated with increases in plasma secretin, glucose and insulin, and with decreases in plasma glucagon and PP. These changes were not significantly different from the changes caused by glucose infusion alone (Fig. 1) .
Intravenous infusions of glucose and secretin at pharmacological levels
After infusion of secretin at a dose of 4 U/kg, the plasma secretin level rose from the baseline 72 ___ 28 pg/ml to 257 _+ 28 pg/ml at 40 min (p< 0.001). The plasma glucagon level decreased by 24__7pg/ml at 60min (p< 0.05), but no significant changes occurred in plasma PP, insulin or glucose levels (Fig. 2) .
Infusion of secretin at a dose of 4 U/kg together with glucose infusion was associated with rises in plasma secretin, glucose and insulin, and with decreases in plasma glucagon and PP. These changes were not significantly different from those observed after infusion of glucose alone (Fig. 2) . 
Effects of rapid intravenous injections of secretin
After a secretin pulse (0.5 U/kg) was administered, the plasma secretin concentration rose from 31 + 22 pg/ml to a peak value of 873 + 87 pg/ml at 2 min (p< 0.001). A small but significant rise was observed in the plasma insulin concentration (p< 0.05), together with significant decreases in plasma glucagon (p<0.05, p<0.01) and glucose (p< 0.02) concentrations. The plasma PP concentration did not significantly change (Fig. 3) . The rapid injection of secretin (4 U/kg) resulted in a striking rise in the plasma secretin concentration from 36 _ 24 pg/ml to a peak value of 4296 ___ 367 pg/ml at 2min (p<0.001). In addition, a highly significant increase in the plasma insulin concentration to a peak of 27+4~tU/ml was observed at 2min (p<0.01). The plasma glucose level started to fall within 10min, although it remained constant during the first 5 min. A small, insignificant decrease in plasma glucagon, and a significant (p< 0.02) but transient increase in plasma PP from 108_24pg/ml to the maximum level of 133+ 27 pg/ml at 2 min, were observed (Fig. 3) .
Intravenous infusions of glucose and/or intraduodenal infusion of HCl
After infusion of glucose (1.0 g. kg -1. h -~) for 30 min, plasma insulin rose in parallel with a rise of plasma glucose. Basal plasma glucagon and PP declined progressively. No significant change of the plasma secretin concentration was measured (Fig. 4) . 
The infusion of HC1 (250 mmol/1, 100 ml) into the duodenum over 30 min resulted in a significant rise in the plasma secretin concentration (p<0.05-0.01), reaching a peak value of 225 _+ 63 pg/ml at 10 min; this was also the case for intravenous infusion of 4 U/kg secretin. Plasma PP also increased, somewhat later than the plasma secretin increase, from 165 + 28 pg/ml to a peak of 424+ 56 pg/ml (p<0.01), showing a biphasic pattern. Plasma insulin, glucagon and glucose concentrations were unaffected (Fig. 4) . In two dogs, no change of plasma hormones or glucose levels during intraduodenal infusions of 100ml saline was seen (data not shown).
Intraduodenal infusion of HCI during intravenous infusion of glucose produced an increase in plasma secretin, insulin, PP and glucose, and a decrease in plasma glucagon. However, the insulin responses during 20 (32 + 4 ~tU/ml) and 30 (29 + 3~U/ml) min periods were significantly smaller than those after glucose infusion alone (p< 0.02). The corresponding PP increases were significantly smaller than after HC1 infusion alone (p< 0.05, p < 0.01). Regarding plasma glucagon and glucose, the changes following the glucose + HC1 administration were similar to those following glucose infusion alone (Fig.4) .
Discussion
In the present study, intravenous infusion or bolus injection of two different doses of 0.5 U/kg and 4 U/kg Closed circles indicate significant differences from baseline levels secretin was used. Only the 0.5 U/kg dose of secretin for 1 h raised plasma secretin to a magnitude similar to that found after a meal in dogs [9] . Therefore, this dose is considered to be within the physiological range. Previous studies have demonstrated two major effects of secretin on insulin secretion: a direct effect in the form of a rapid transient monophasic insulin response [14, [19] [20] [21] [22] [23] [24] [25] [26] and an indirect effect by which secretin promotes increased islet responsiveness to other stimuli [10, 21, [24] [25] [26] [27] [28] [29] . However, others have reported no effect [30] [31] [32] . In our present study, infusion of secretin in a dose of 0.5 U.kg-l-h -1 and 4U.kg -1 .h -1 with or without glucose had no direct or synergistic stimulatory effect on insulin response. Only after bolus injection of secretin, which brought about a rapid increase in the plasma secretin concentration to pharmacological levels, was a direct stimulatory effect of secretin observed. These results indicate that dose level of secretin is the major factor affecting insulin release, and that the physiological importance of secretin is doubted.
Several laboratories have obtained contradictory results for glucagon release when exogenous secretin was administered in vivo and in vitro [10, 20, 22-24, 29, 32] . No significant change was observed during the infusion of secretin in a physiological dose of 0.5 U-kg -1 .h -t. In addition, no significant alteration of circulating glucagon levels could be demonstrated with 0.5 or 4 U/kg secretin during glucose infusion. There was a significant fall in glucagon levels during secretin infusion of 4 U/ kg and after a secretin bolus injection of 0.5 U/kg. These doses, however, resulted in increased plasma secretin levels which were far above the upper limit of physiological range (125pg/ml), as revealed from our previous study [9] . Therefore, the physiological importance of secretin on glucagon release is questionable.
There are several reports dealing with the effect of secretin on PP secretion from the pancreas in man [5, 6, 11, 12, 14] and in experimental animals [10, 13] ; some authors have reported stimulation of PP [5, 6, 12] , while others failed to observe any effects [6, 10, 11, 13, 14] . In the present study, the infusion of secretin either at 0.5 or 4 U. kg -1. h -1 was ineffective on basal and glucose-inhibited PP secretion, and only after a secretin bolus (4 U/kg) did a small but significant release of PP occur. These results indicate that plasma PP release is dependent on the rapidity of secretin administration, and that secretin does not play a role in PP release under physiological conditions. The small plasma PP response after a secretin bolus injection is at variance with observations in other studies in humans [5, 6, 12] . This difference may be explained in part by species differences.
Intestinal acidification is presently recognized as a stimulus for secretin release into the blood [16] . In our present study, HC1 instillation resulted in plasma secretin release, comparable to the increment seen during intravenous infusion of secretin at a dose of 4U.kg -1-h -I. Plasma PP also increased after intraduodenal acidification, whereas plasma PP did not increase during secretin infusion of 4 U. kg -1. h -1. Therefore, it seems unlikely that endogenous secretin release caused the observed PP response after intraduodenal HC1 infusion. The mean postprandial PP response during histamine H2-receptor blockade did not differ significantly from that seen without histamine H2-receptor blockade in man [8] and in dogs [9] . Therefore, the importance of the intraduodenal pH as the cause of HCl-stimulated PP release is doubted. The distending effect of the infused volume can be neglected, since duodenal distension with saline had no effect on PP release. Gastrointestinal peptides such as cholecystokinin (CCK) [33] and vasoactive intestinal peptide (VIP) [34] , which were not measured but are also released during duodenal acidification, may be a partial mediator in the overall response of plasma PP to duodenal acidification.
Intravenous glucose infusions depressed the PP response to the ingestion of a protein rich meal as well as to intravenous infusion of caerulein [35] . In our study, PP response induced by intraduodenal instillation of HC1 was significantly inhibited during intravenous glucose infusion. Insulin response induced by intravenous infusion of glucose also was significantly inhibited by intraduodenal infusion of HC1. These findings suggest the possibility of interaction between glucose, PP and insulin secretion. Further studies are needed to explore the existence of such an interaction in the normal postprandial state.
This study has shown that stimulation of plasma insulin and PP as well as depression of plasma glucagon were observed only when the plasma secretin concentration was at pharmacological levels. There is no evidence that secretin plays a significant role in the enteroinsular and entero-PP axis under normal physiological conditions.
